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(57) ABSTRACT

Systems for fitting an 1mplantable cochlear stimulator to a
patient include an interface umit configured to display a
graphical representation of an implant fitting line as part of a
graphical user interface. The implant fitting line has a slope
and a horizontal position and represents a mapping relation-
ship between a plurality of audio frequencies and a plurality
of stimulation sites within a cochlea of the patient. The inter-
face unit 1s further configured to facilitate adjustment of the
slope and/or horizontal position of the fitting line.
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SYSTEMS FOR FITTING A COCHLEAR
IMPLANT TO A PATIENT

RELATED APPLICATIONS

The present application 1s a continuation application of
U.S. application Ser. No. 11/841,501, filed Aug. 20, 2007 now
U.S. Pat. No. 7,747,329, which 1n turn 1s a continuation
application of U.S. application Ser. No. 10/989,521, filed
Nov. 16, 2004 (now U.S. Pat. No. 7,292,892), which applica-
tion claims the benefit under 35 U.S.C. §119(e) of Provisional
Application Ser. No. 60/523,928, filed Nov. 21, 2003. All of
these applications are incorporated herein by reference in
their entireties.

BACKGROUND

Hearing loss, which may be due to many different causes,
1s generally of two types: conductive and sensorineural. Of
these, conductive hearing loss occurs where the normal
mechanical pathways for sound to reach the hair cells 1n the
cochlea are impeded, for example, by damage to the auditory
ossicles. Conductive hearing loss may often be helped by use
ol conventional hearing aids, which amplify sound so that
acoustic information reaches the cochlea and the hair cells.
Some types of conductive hearing loss are also amenable to
alleviation by surgical procedures.

Sensorineural hearing loss, on the other hand, 1s due to the
absence or the destruction of the hair cells 1n the cochlea
which are needed to transduce acoustic signals 1nto auditory
nerve impulses. Thus, people who sutler from sensorineural
hearing loss are unable to dertve any benefit from conven-
tional hearing aid systems.

To overcome sensorineural deatness, numerous cochlear
implant systems—or cochlear prosthesis—have been devel-
oped which seek to bypass the hair cells 1n the cochlea by
presenting electrical stimulation to the auditory nerve fibers
directly, leading to the perception of sound 1n the brain and at
least partial restoration of hearing function. To facilitate
direct stimulation of the auditory nerve fibers, an array of
clectrodes which are responsive to a suitable external source
of electrical stimuli and which transmit those stimuli to the
auditory nerve fibers may be implanted 1n the cochlea.

SUMMARY

An exemplary method of fitting a cochlear implant system
to a patient includes establishing an implant fitting line having,
a slope and a position. The implant fitting line represents a
relationship between a number of stimulation sites within a
cochlea of the patient and a number of corresponding audio
frequencies. That 1s, the implant fitting line defines which
locations along the length of the cochlea, when stimulated,
are percerved by the patient as specific tones or frequencies.
The method further includes presenting a first audio signal
having a number of audio frequencies to the patient and
applying a stimulus current to one or more stimulation sites
corresponding to the number of audio frequencies of the first
audio signal. The method further includes adjusting the slope
of the fitting line based on a response of the patient to the
stimulus current.

An exemplary system for fitting a cochlear implant to a
patient includes an implantable cochlear stimulator with a
number of stimulus channels configured to apply stimulus
current to anumber of stimulation sites within a cochlea of the
patient. The system further includes a speech processor hav-
ing a number of analysis channels configured to divide an
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input audio signal 1into a number of signals having distinct
frequencies and mapping circuitry configured to map the
number of signals generated by the analysis channels to the
stimulus channels according to a mapping scheme. The map-
ping scheme 1s adjusted based on a change 1n a slope of a
fitting line, the fitting line representing a relationship between

the number of stimulation sites and a number of correspond-
ing audio frequencies.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings illustrate various embodi-
ments of the present invention and are a part of the specifica-
tion. The 1llustrated embodiments are merely examples of the
present invention and do not limit the scope of the invention.

FIG. 1 shows a wavetform diagram of a biphasic pulse train
that may be used by a cochlear implant system 1n order to
produce a desired therapeutic eflect according to principles
described herein.

FIG. 2 shows an exemplary cochlear implant system
according to principles described herein.

FIG. 3 1s a functional block diagram of an exemplary
speech processor and an exemplary implantable cochlear
stimulator according to principles described herein.

FIG. 41s a diagram 1llustrating various possible stimulation
sites 1n the tissue of a patient according to principles
described herein.

FIG. 5 1s a diagram of an exemplary cochlea according to
principles described herein.

FIG. 6 shows the relationship between location within the
cochlea and perceived audio frequency according to prin-
ciples described herein.

FIG. 7 shows a number of exemplary intrinsic lines each
having a different slope and position according to principles
described herein.

FIG. 8 shows an exemplary implant fitting line plotted on
the same graph as the intrinsic line according to principles
described herein.

FIG. 9 shows a graph wherein the fitting line 1s offset to the
left of the trinsic line according to principles described
herein.

FIG. 10 shows a graph wherein the fitting line 1s offset to
the right of the intrinsic line according to principles described
herein.

FIG. 11 1s a flow chart illustrating an exemplary method of
fitting a cochlear implant system to a cochlear implant patient
by modifying the implant fitting line according to principles
described herein.

FIG. 12 1llustrates an exemplary graphical user interface
that may be used to adjust the slope and/or the position of the
fitting line according to principles described herein.

Throughout the drawings, identical reference numbers
designate similar, but not necessarily 1dentical, elements.

DETAILED DESCRIPTION

Methods and systems are described herein for fitting a
cochlear implant to a patient by adjusting the slope and/or
position of an implant fitting line. The fitting line represents a
relationship between a number of stimulation sites within a
cochlea of a patient and a number of corresponding audio
frequencies. A first audio signal having a number of audio
frequencies 1s presented to the patient and a stimulus current
1s applied to one or more stimulation sites corresponding to
the number of audio frequencies of the first audio signal. The
slope of the fitting line may then be adjusted based on a
response of the patient to the stimulus current corresponding,
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to the first audio signal. A second audio signal having a
number of audio frequencies 1s then presented to the patient
and a stimulus current 1s applied to one or more stimulation
sites corresponding to the number of audio frequencies of the
second audio signal. The position of the fitting line may then
be adjusted based on a response of the patient to the stimulus
current corresponding to the second audio signal.

In the following description, for purposes of explanation,
numerous specific details are set forth 1n order to provide a
thorough understanding of the present system and method. It
will be apparent, however, to one skilled 1n the art that the
present system and method may be practiced without these
specific details. Reference in the specification to “‘one
embodiment” or “an embodiment” means that a particular
feature, structure, or characteristic described 1n connection
with the embodiment 1s included 1n at least one embodiment.
The appearance of the phrase “in one embodiment™ 1n various
places 1n the specification are not necessarily all referring to
the same embodiment.

FIG. 1 shows a wavetorm diagram of a biphasic pulse train
(11) that may be used by a cochlear implant system 1n order to
produce a desired therapeutic effect. The wavetorm shown
defines stimulation rate (1/T), pulse width (PW) and pulse
amplitude. A biphasic pulse train (11) may be used 1n con-
nection with any neurostimulator device, such as a cochlear
implant system, a spinal cord stimulator (SCS), a deep brain
stimulator (DBS) or other neural stimulator.

As shown 1n FIG. 1, a “biphasic” pulse (11) may include
two pulses: a first pulse of one polarity having a specified
magnitude, followed immediately, or after a short delay, by a
second pulse of the opposite polarity having the same total
charge, which charge 1s the product of stimulus current mul-
tiplied by the duration of each pulse or phase. Such “charge
balancing™ may prevent tissue damage at the site of stimula-
tion and prevent electrode corrosion.

FIG. 2 shows an exemplary cochlear implant system (20).
The cochlear implant system (20) includes a speech processor
portion (10) and a cochlear stimulation portion (12). The
speech processor portion (10) may include a speech processor
(SP) (16), a microphone (18), and/or additional circuitry as
best serves a particular application. The cochlear stimulation
portion (12) may include an implantable cochlear stimulator
(ICS) (21), an electrode array (48), and/or additional circuitry
as best serves a particular application. The components
within the speech processor portion (10) and the cochlear
stimulation portion (12) will be described in more detail
below.

The microphone (18) of FIG. 2 1s configured to sense
acoustic signals and convert such sensed signals to corre-
sponding electrical signals. The electrical signals are sent to
the SP (16) over an electrical or other link (24). Alternatively,
the microphone (18) may be connected directly to the SP (16).
The SP (16) processes these converted acoustic signals 1n
accordance with a selected speech processing strategy to
generate appropriate control signals for controlling the ICS
(21). These control signals may specily or define the polarity,
magnitude, location (1.e., which electrode pair or electrode
group receive the stimulation current), and timing (i.e., when
the stimulation current 1s to be applied to a particular elec-
trode pair) of the stimulation current that 1s generated by the
ICS (21).

The electrode array (48) of FIG. 2 1s adapted to be mserted
within a duct of the cochlea. As shown 1n FI1G. 2, the array (48)
includes a multiplicity of electrodes (50), e.g., sixteen elec-
trodes, spaced along its length. Each of the electrodes (50) 1s
selectively connected to the ICS (21). The electrode array
(48) may be substantially as shown and described in U.S. Pat.
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Nos. 4,819,647 or 6,129,753, each of which 1s incorporated
herein by reference 1n its entirety. Electronic circuitry within
the ICS (21) 1s configured to apply stimulation current to
selected pairs or groups of the individual electrodes (50)
included within the electrode array (48) 1n accordance with a
specified stimulation pattern defined by the SP (16).

The ICS (21) and the SP (16) may be electronically con-
nected via a suitable data or communications link (14). In
some embodiments, the SP (16) and the microphone (18)
comprise an external portion of the cochlear implant system
(20) and the ICS (21) and the electrode array (48) comprise an
implantable portion of the system (20). In alternative embodi-
ments, one or more portions of the SP (16) are included within
the implantable portion of the cochlear implant system (20).
The implantable portion of the cochlear implant system (20)
1s implanted within the patient’s body. Thus, the data link (14)
1s a transcutaneous (through the skin) data link that allows
power and control signals to be sent from the SP (16) to the
ICS (21). In some embodiments, data and status signals may
also be sent from the ICS (21) to the SP (16).

The external and implantable portions of the cochlear
implant system (20) may each include one or more coils
configured to transmit and receive power and/or control sig-
nals via the data link (14). For example, the external portion
of the cochlear implant system (20) may include an external
coil (not shown) and the implantable portion of the cochlear
implant system (20) may include an implantable coil (not
shown). The external coil and the implantable coil may be
inductively coupled to each other, thereby allowing data to be
transmitted between the external portion and the implantable
portion. The data may include, for example, the magnitude
and polarity of a sensed acoustic signal. The external coil may
also transmit power from the external portion to the implant-
able portion of the cochlear implant system (20). It will be
noted that, 1n some embodiments, both the SP (16) and the
ICS (21) may be implanted within the patient, either 1n the
same housing or 1n separate housings. If the SP (16) and the
ICS (21) are 1n the same housing, the link (14) may be realize
with a direct wire connection within such housing. If the SP
(16) and the ICS (21) are 1n separate housings, the link (14)

may be an inductive link, for example.

FIG. 3 1s a functional block diagram of an exemplary SP
(16) and ICS (21). The functions shown in FIG. 3 are merely
representative of the many different functions that may be
performed by the SP (16) and/or the ICS (21). A complete
description of the functional block diagram of the SP (16) and
the ICS (21) 1s found 1 U.S. Pat. No. 6,219,580, which 1s
incorporated herein by reference 1n 1ts entirety.

As shown 1n FIG. 3, the microphone (18) senses acoustic
information, such as speech and music, and converts the
acoustic information into one or more electrical signals.
These signals are then amplified 1n audio front-end (AFE)
circuitry (22). The amplified audio signal 1s then converted to
a digital signal by an analog-to-digital (A/D) converter (28).
Theresulting digital signal 1s then subjected to automatic gain
control using a suitable automatic gain control (AGC) func-
tion (29).

After appropriate automatic gain control, the digital signal
1s then processed 1 one of a number of digital signal process-
ing or analysis channels (44). For example, the SP (16) may
include, but 1s not limited to, eight analysis channels (44).
Each analysis channel (44) may respond to a different fre-
quency content of the sensed acoustical signal. In other
words, each analysis channel (44) includes a band-pass filter
(BP1-BPFn) or other type of filter such that the digital signal
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1s divided into n frequency channels. The lowest frequency
filter may be a low-pass filter, and the highest frequency filter
may be a high-pass filter.

As shown 1n FIG. 3, each analysis channel (44) may also
include a detection stage (D1-Dn). Each detection stage (D1 -
Dn) may include an energy detection circuit (not shown),
which may be realized, e.g., through a rectification circuit
tollowed by an integrator circuit. As shown in FIG. 3, each of
the detection stages (D1-Dn) may alternatively be bypassed
depending on the particular signal processing strategy being
used.

After energy detection, or bypassing of such, the signal
from each of the n analysis channels (44) 1s forwarded to a
mapping stage (41). The mapping stage (41) may be config-
ured to map the signals 1n each of the analysis channels (44 )
to one or more of the m stimulus channels (46). The mapping
stage (41) may be further configured to perform additional
processing of the signal, such as signal compression. The
signals output by each analysis channel (44) may then be
serialized by a multiplexer (45) into one serial data channel.
The multiplexed signal may then be further processed accord-
ing to information included 1n a pulse table (42) connected to
an arithmetic logic umt (ALU) (43). After the signal 1s appro-
priately processed, compressed, and mapped, the signal may
be mmput mnto the ICS (21) to control the actual stimulus
patterns that are applied to the patient via the electrode array
(48; FIG. 2).

As mentioned, each of the n analysis channels (44) may be
mapped to one or more stimulus channels (46). In other
words, the information contained 1n the n analysis channels
(44) controls the stimulus patterns that are applied to the
patient by the ICS (21) and 1ts associated electrode array (48;
FIG. 2). Stimulus current may be applied to any number of
stimulation sites within the patient’s cochlea via the m stimu-
lus channels (46). As used herein and 1n the appended claims,
the term “stimulation site” will be used to refer to a target area
or location to which the stimulus current i1s applied. For
example, a stimulation site may refer to a particular location
in the tissue of a cochlear implant patient. As will be described
in more detail below, through appropriate weighting and shar-
ing of currents between the electrodes (50; FIG. 2), stimulus
current may be applied to any stimulation site along the length
of the electrode array (48; FIG. 2).

FI1G. 41s a diagram illustrating various possible stimulation
sites 1n the tissue of a patient. As shown1n FIG. 4, an electrode
array (48) having three electrodes E1-E3 may be mserted into
a duct (52) within tissue (54) that 1s to be stimulated by
stimulus current. The electrode array (48) has three electrodes
tor 1llustrative purposes only. It will be recognized that the
clectrode array (48) may have any number of electrodes. The
duct (52) may be, but 1s not limited to, the scala tympani of the
cochlea of a cochlear implant patient. The electrodes E1-E3
may be spaced apart from each other by a distance “D”.

A reference electrode (not shown) may also be present
some distance from the electrodes E1-E3, thereby allowing
monopolar stimulation to occur between a selected one of the
clectrodes and the reference electrode. Bipolar stimulation
may also occur, e.g., between electrodes E1 and E2, between
E2 and E3, or between any other pair of electrodes. Other
types of stimulation patterns may also or alternately be used
as best serves a particular application. For example, a {irst
clectrical pulse may presented on electrode E2 at the same
time as a second electrical pulse of opposite polarity but of
smaller amplitude 1s presented on electrodes E1 and E3.

The analysis channels (44; FIG. 3) may be mapped to the
stimulus channels (46; FIG. 3) according to a number of
different mapping schemes. For example, the analysis chan-
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nels (44; F1G. 3) may be mapped to the stimulus channels (46;
FIG. 3) such that each electrode E1-E3 corresponds to one of
the analysis channels (44; FIG. 3). In thus case, stimulus
current applied via electrode El stimulates a first stimulation
site (56) 1n the tissue (54). Likewise, stimulus current applied
via electrode E2 stimulates a second stimulation site (58) in
the tissue (54) and stimulus current applied via electrode E3
stimulates a third stimulation site (60) in the tissue (34). As
shown 1n FI1G. 4, the stimulation sites (56, 58, 60) are located

adjacent to the physical location of their respective electrodes
E1-E3.

However, in some embodiments, different mapping
schemes other than a one-to-one mapping scheme may be
used. For example, a single analysis channel (44; FIG. 3) may
be mapped to multiple stimulus channels (46; FIG. 3). Such
mapping may result in stimulus current being shared between
two electrodes such as E1 and E2 or any other pair of elec-
trodes. By sharing the stimulus current between electrodes E1
and E2, for example, the effective tissue location where the
stimulus current 1s applied may be anywhere along the line
(62). Likewise, if the stimulus current 1s shared between
clectrodes E2 and E3, the stimulus site may be anywhere
along the line (64). In general, the stimulus site may be
anywhere along the lines (62, 64).

To 1llustrate further, suppose a stimulus current having an
amplitude I1 1s applied to the tissue through electrode E1 (and
some reference electrode). The stimulation site within the
tissue (54) where the stimulus current would be felt by the
patient would be the first stimulation site (56). However, 1f a
stimulus current of only 0.9 multiplied by 11 were applied
through electrode E1 at the same time that a stimulus current
of 0.1 multiplied by 11 where applied through electrode E2,
then the location within the tissue (54) where the stimulus
current would be felt would be a little to the right of the first
stimulation site (56) along the line (62).

Hence, as shown 1n the preceding examples, the stimula-
tion site may be at any location along the tissue corresponding
to the physical location of the electrode array (48; FIG. 2),
even though there are only a fixed number of electrodes (50;
FIG. 2). A concept of “virtual electrodes™ 1s useful 1n 1llus-
trating the fact that there may be an unlimited number of
stimulation sites even though there are only a fixed number of
clectrodes (30; FIG. 2). For example, any number of virtual
clectrodes may exist 1n between any two physical electrodes
(50; FI1G. 2). Each virtual electrode may have a corresponding
stimulation site along the tissue adjacent to the line 1n
between the two physical electrodes (30; FIG. 2). One method
of achieving virtual electrodes 1s known as current steering.
Current steering provides concurrent, weighted currents at
two electrodes (50; FIG. 2), as described 1n the examples
above. Another method for achieving virtual electrodes 1s
known as time-multiplexed, non-simultaneous presentation
of stimuli and comprises rapidly and alternately providing
stimulus current to two closely placed electrodes.

FIG. § 1s a diagram of an exemplary cochlea (150). As
shown 1n FIG. 5, the cochlea (150) 1s 1n the shape of a spiral
beginning at a base (151) and ending at an apex (152). The
nerve cells within the cochlea (150) are arranged 1n an orderly
tonotopic sequence, from high frequencies at the basal end
(151) to progressively lower frequencies toward the apex
(152). Hence, each location along the length of the cochlea
(150) corresponds to a different perceived audio frequency. In
other words, the application of a stimulus current at a particu-
lar location within the cochlea (150) of a cochlear implant
patient results 1 the patient percerving a distinct audio fre-
quency corresponding to that location.
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FIG. 6 shows the relationship between location within the
cochlea (150; FIG. 5) and perceived audio frequency (Hz).
The horizontal axis of the graph in FIG. 6 represents fre-
quency (Hz) i a logarithmic scale and the vertical axis of the
graph represents the location (mm) along the cochlea (150;

FIG. §) beginning at the apex (152; FIG. 5) and extending
towards the base (151; FIG. 5). FIG. 6 shows an exemplary
line (160) which will be referred to herein as an “intrinsic
line” having an “intrinsic slope™ for an individual cochlea
(150; FIG. 5). The “intrinsic slope,” or just slope, refers to the
change 1n position within the cochlea (150; FIG. 5) divided by
the change 1n perceived frequency between two points on the
intrinsic line (160).

The exemplary intrinsic line (160) represents the relation-
ship between location within the cochlea (150; FIG. 5) and
actual percerved audio frequency across a specified band of
frequencies. It has been discovered empirically that the intrin-
sic line (160) 1s approximately linear for a large part of the
perceived hearing range of frequencies when the frequencies
are represented by a logarithmic scale, as shown 1n FIG. 6.
Hence, as illustrated by the intrinsic line (160), a patient
percerves lower frequencies at locations near the apex (152;
FIG. 5) and progressively higher frequencies at locations
closer to the base (151; FIG. 3).

The relationship between position within the cochlea (150;
FIG. 5) and perceived audio frequency 1s different for every
individual because no two cochleas (150; FIG. §) are ana-

tomically alike and because the nerve wiring between the
cochlea (150; FIG. 5) and the brain 1s different for every

individual. Hence, each cochlea (150; FIG. 5) has a distinct
intrinsic line (160) that may differ from intrinsic lines corre-
sponding to other cochleas (150; FIG. 5) in shape, slope,
and/or position. For example, FIG. 7 shows a number of
exemplary intrinsic lines (160-1,160-2,160-3) each having a
different slope and position representing the characteristics of
different cochlea. It will be recogmized that the intrinsic lines
(160-1, 160-2, 160-3) are merely exemplary and may have
any slope and position as determined by the physiological
characteristics of the corresponding cochleas (150; FIG. 5).

Because the intrinsic line (160) 1s different for each
cochlear implant patient, the cochlear implant system (20;
FIG. 2) may be “fitted” to each patient. For example, the
analysis channels (44; FIG. 3) of the SP (16; FIG. 3) may be
mapped to one or more stimulus channels (46; FIG. 3) within
the ICS (21; FIG. 3) using an 1nmitial mapping scheme. This
initial mapping scheme results 1n an “implant fitting line.”
The implant fitting line represents the relationship between
location within the cochlea (150; FIG. 5) and predicted per-
ceived audio frequency across a specified band of frequen-
cies. That 1s, the implant fitting line defines which locations
along the length of the cochlea, when stimulated, are per-
ceived by the patient as specific tones or frequencies. For
example, FIG. 8 shows an exemplary implant fitting line
(161) plotted on the same graph as the intrinsic line (160). The
fitting line (161) and the intrinsic line (160) correspond to a
particular cochlear implant patient.

The particular mapping scheme used to generate the fitting,
line (161) predicts that stimulus current applied to any place
along the cochlea (150; FIG. 5) will result in the patient
percerving a corresponding frequency, as defined by the fit-
ting line (161). For example, 11 an mcoming tone with a
frequency equal to 1700 Hz 1s picked up or generated by the
cochlear implant system (20; FIG. 2), a stimulus current will

be applied to a location approximately equal to 10 mm from
the apex of the cochlea (150; FI1G. §), as defined by the fitting,

line (161).
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However, as shown in FIG. 8, the fitting line (161) 1s often
misaligned with the intrinsic line (160). In other words, the
implant fitting line (161) has a different slope and/or position
than the 1ntrinsic line (160). This misalignment 1s sometimes
referred to as “pitch warping™ and 1s due to the fact that the
intrinsic line (160) 1s different for each cochlear implant
system (20; FI1G. 2). The misalignment of the implant fitting
line (161) and the intrinsic line (160) causes the patient to
actually perceive a frequency that 1s different than the fre-
quency picked up or generated by the cochlear implant sys-
tem (20; F1G. 2). Referring again to the example wherein the
1’700 Hz tone 1s picked up by the cochlear implant system (20;
FIG. 2) and stimulus current 1s applied to a location approxi-
mately equal to 10 mm from the apex of the cochlea (150;
FIG. §), the patient will actually perceive a tone having a
frequency substantially equal to 2000 Hz as shown by the
intrinsic line (160) mstead of percewving a 1700 Hz tone as
predicted by the fitting line (161).

Hence, as illustrated by the example given 1n connection
with FIG. 8, the fitting line (161) should be substantially equal
to the intrinsic line (160) 1n order for the cochlear implant
patient to properly percerve audio signals input into the
cochlear implant system (20; FIG. 2). As will be described
below 1n more detail, the slope and/or the position of the
fitting line (161) may be modified such that incoming audio
signals are properly perceived by the cochlear implant
patient.

As mentioned, the fitting line (161) may have a different
slope and/or position than the intrinsic line (160). A fitting
line (161) with a different slope than the slope of the intrinsic
line (160) affects the relative alignment of frequencies per-
ceived by the cochlear implant patient. For example, a fitting
line (161) with an incorrect slope may cause music or other
audio signals that depend on relative frequencies to be per-
ceived by a cochlear implant patient as being harmonically
out of tune. However, 11 the fitting line (161) has the same
slope as the intrinsic line (160), even 1f the position of the
fitting line (161) does not match the position of the intrinsic
line (160), the patient may recognize the music because the
percetved frequencies are 1n a correct harmonic relationship.

A fitting line (161) with a different position than the posi-
tion of the intrinsic line (160) affects the overall pitch of an
audio signal perceived by the cochlear implant patient. In
other words, the overall pitch of an audio signal may be
perceived by the cochlear implant patient as being too low or
too high. For example, FIG. 9 shows a graph in which the
fitting line (161-4) 1s offset to the left of the intrinsic line
(160-4). In other words, the horizontal axis intercept of the
fitting line (161-4) 1s to the left of the horizontal axis intercept
of the mtrinsic line (161-4). The horizontal axis 1s also
referred to as the X-axis. If the fitting line (161-4) 1s offset to
the left of the intrinsic line (160-4), as shown 1n FIG. 9, the
overall pitch of the audio signal 1s percerved by the cochlear
implant patient as being too high.

On the other hand, FIG. 10 shows a graph in which the
fitting line (161-5) 1s offset to the right of the intrinsic line
(160-5). In other words, the X-axis intercept of the fitting line
(161-4) 1s to the right of the X-axis intercept of the intrinsic
line (161-4). I the fitting line (161-5) 1s offset to the right of
the mtrinsic line (160-5), as shown 1 FIG. 10, the overall
pitch of the audio signal is perceived by the cochlear implant
patient as being too low.

The effect of the fitting line (161; FIG. 8) being offset from
the intrinsic line (160; FIG. 8) 1s particularly evident in
sounds having a characteristic pitch, such as human speech.
The presence of an offset, for example, can cause the cochlear
implant patient to percerve human speech as being too high or
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“squeaky.” The offset may alternatively cause the cochlear
implant patient to perceive human speech as being too low or
slow.

FIG. 11 1s a flow chart 1llustrating an exemplary method of
fitting a cochlear implant system (20; FIG. 2) to a cochlear
implant patient by modifying the implant fitting line (161;
FIG. 8). As shown in FIG. 11, an mitial fitting line (161; FIG.
8) 1s first established (step 190). The mtial fitting line (161;
FIG. 8) may be chosen based on an average of intrinsic slopes
(160; FIG. 8) of a number of different individuals. Alterna-
tively, the mitial fitting line (161; FIG. 8) may be chosen
based on any other criteria. The next step, as shown 1n FIG.
11, 1s determining whether the harmonic spacing of the fre-
quencies perceived by the cochlear implant patient 1s correct
(step 191). In some embodiments, the patient and/or a clini-
cian may make that determination using a musical tune famil-
1ar to the patient. For example, a musical tune familiar to the
patient, such as a simple melody, may be presented to the
patient. Locations along the cochlea (150; FIG. 5) corre-
sponding to the frequency of each note in the tune are then
stimulated according to the relationship defined by the fitting
line (161; FIG. 8).

Because the tune 1s familiar to the patient, the relationship
ol notes within the tune may be assessed by the patient as
being harmonically correct or not harmonically correct. In
many instances, the cochlear implant patient does not have to
have musical training to identity whether the frequency range
ol the tune 1s too compressed (1.e., the notes sound too much
alike) or whether the frequency range of the tune 1s too expan-
stve (1.e., the notes are percerved to be too far apart). It will be
recognized that many different audio signals other than musi-
cal tunes may be used to determine whether the spacing of the
frequencies percerved by the cochlear implant patient 1s cor-
rect (step 191). In general, the determination may be made by
presenting any audio signal having a recognizable range of
frequencies to the patient.

If the harmonic spacing of the frequencies perceived by the
cochlear implant patient 1s not correct (No; step 191), the
slope of the implant fitting line (161; FIG. 8) 1s adjusted (step
194). The slope of the implant fitting line (161; FIG. 8) 1s
adjusted until the harmonic spacing of the frequencies per-
ceived by the patient 1s correct (Yes; step 191). In some
embodiments, the same musical tune or other audio signal 1s
presented to the patient each time after the implant fitting line
(161; FIG. 8) 1s adjusted. This process may be repeated until
the musical tune or other audio signal i1s perceived by the
patient as being harmonically correct. Once the harmonic
spacing of the frequencies percerved by the patient 1s correct
(Yes; step 191), the slope of the implant fitting line (161 ; FIG.
8) 1s substantially equal to the slope of the intrinsic line (160;
FIG. 8).

The patient then determines whether the pitch of the per-
ceived frequencies 1s correct (step 192). In some embodi-
ments, the patient and/or a clinician may make that determi-
nation using a sound having a pitch known to the patient. For
example, human speech may be presented to the patient.
Human speech 1s used in many situations because the human
hearing system, including the associated nervous system, 1s
especially sensitive to the pitch of human speech. However,
any other sound having a known pitch may be used to deter-
mine whether the pitch of the perceived frequencies 1s correct
(step 192).

If the pitch of a sound presented to the patient 1s erther too
high or too low (No; step 192), the position of the fitting line
(161; FIG. 8) may be adjusted by adjusting the X-axis inter-
cept of the implant fitting line (step 193) until the pitch of the
percerved frequencies of the sound 1s correct (Yes; step 192).
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For example, 1f male speech 1s presented to the patient and the
patient perceives the speech as being too high, the X-axis
intercept of the fitting line may be adjusted to the right to
lower the overall pitch of the speech. Likewise, 11 the male
speech 1s percerved as being too low, the X-axis intercept of
the fitting line (161; FIG. 8) may be adjusted to the left to
increase the overall pitch of the speech. When the pitch of the
percerved frequencies of the sound 1s correct (Yes; step 192),
the position of the fitting line (161; FIG. 8) will be substan-
tially equal to the position of the intrinsic line (160; FIG. 8).

The above described methods of adjusting the slope and/or
position of the fitting line (161; FIG. 8) such that the fitting
line (161; FIG. 8) substantially matches the intrinsic line
(160; FIG. 8) utilize the concept of virtual electrodes, as
described more fully above.

It will be recognized that the intrinsic line (160; FIG. 8)
may not be completely linear across the entire frequency
spectrum. Hence, 1n some embodiments, the intrinsic line
(160; FIG. 8) may be represented by a number of concat-
enated lines each having a linear slope. The above described
methods of adjusting the slope and/or position of the fitting
line (161; FIG. 8) may therefore be applied to a number of
segments of the fitting line (161; FIG. 8) such that the slope
and/or position of each segment equals the slope and/or posi-
tion of corresponding concatenated intrinsic lines (160; FIG.
8).

The slope and/or the position of the fitting line (161; FIG.
8) may be adjusted by the cochlear implant patient, by a
clinician, or by any other person using a variety of different
control interfaces. For example, FIG. 12 1llustrates an exem-
plary graphical user interface (GUI) (170) that may be used to
adjust the slope and/or the position of the fitting line (161).
The GUI (170) may include a graphical depiction (177) of the
fitting line (161). The graphical depiction (177) may be con-
figured to update automatically to reflect any change made by
the patient or clinician in slope and/or position of the fitting
line (161). A first sliding bar (171) may be included to allow
the user of the GUI (170) to adjust the slope of the fitting line
(161). A second sliding bar (172) may also be included to
allow the user to adjust the X-axis intercept or position of the
fitting line (161). The GUI (170) may also include buttons
(173, 175), the selection of which plays a musical tune or a
sound used 1n determiming whether the slope and position of
the fitting line (160) are correct. The GUI (170) may further
include buttons (174, 176) configured to allow the user to
select a musical tune from a list of available tunes and/or a
sound from a list of available sounds.

The GUI (170) may be presented, 1n part, on a display
monitor, for example, and may interface between the user and
the cochlear implant system (20; FIG. 2). The commands
input 1nto the GUI (170) may be transmitted to a processor
(not shown) or to any other component within the cochlear
implant system (20; FIG. 2) such that the mapping scheme
may be changed to retlect the change in slope and/or 1ire-
quency of the fitting line (161).

It will be recognized that the GUI (170) presented i FIG.
12 1s merely exemplary of the many different types and lay-
outs of GUIs that may be used to facilitate the adjustment of
the slope and/or position of the fitting line (161). Other con-
trol interfaces that may be used to adjust the slope and/or the
position of the fitting line (161; FIG. 8) include, but are not
limited to, a remote control and an analog tuning mechanism
coupled to the cochlear implant system (20; FIG. 2).

The preceding description has been presented only to 1llus-
trate and describe embodiments of mvention. It 1s not
intended to be exhaustive or to limit the mmvention to any
precise form disclosed. Many modifications and variations
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are possible 1n light of the above teaching. It 1s intended that
the scope of the invention be defined by the claims.

What 1s claimed 1s:
1. A method for mapping cochlear locations to audio fre-
quencies, the method comprising:
applying a first signal and a second signal to locations
within a user’s cochlea through a multi-electrode array
implanted into the user’s cochlea, wherein particular
frequencies are associated with particular electrodes;

shifting the location where the first signal i1s applied to
cause the user to percerve tonal variations of the first
signal;

allowing the user to select one of the tonal variations;

shifting the pitch of both the second signal and the selected

tonal variation of the first signal;

allowing the user to select one of the pitch-shifted versions

of both the second signal and the selected tonal variation
of the first signal; and

modilying the frequencies associated with the electrodes

using the selected pitch-shifted version.

2. The method of claim 1, wherein the first signal has a
known harmonic spacing from the second signal.

3. The method of claim 2, wherein the selected tonal varia-
tion of the first signal 1s perceived by the user as conforming
to the known harmonic spacing.

4. The method of claim 2, wherein the selected pitch-
shifted versions of both the second signal and the selected
tonal variation of the first signal are perceived by the user as
conforming to the known harmonic spacing.

5. The method of claim 1, wherein shifting the pitch com-
prises shifting the frequency of both the second signal and the
selected tonal variation of the first signal so as to maintain the
harmonic spacing between them.

6. The method of claam 1, wherein the first and second
signals comprise notes 1n a musical tune.

7. The method of claim 1, wherein the first and second
signals comprise frequencies in a sample of human speech.
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8. A method for mapping cochlear locations to audio fre-

quencies, the method comprising:

(a) applying a first signal and a second signal to locations
within a user’s cochlea through a multi-electrode array
implanted into the user’s cochlea, wherein particular
frequencies are associated with particular electrodes;

(b) shifting the location where the first or second signals are
applied to vary the tone between the first and second
signals;

(¢) shifting the pitch of both the first and second signals;

(d) allowing the user to select a shifted location and a
shifted pitch from steps (b) and (¢); and

(¢) modifying the frequencies associated with the elec-
trodes using the selected shifted location and the
selected shifted pitch.

9. The method of claim 8, wherein the first signal has a

known harmonic spacing from the second signal.

10. The method of claim 9, wherein the selected shifted

location corresponds to a tonal variation between the first and

second signals that 1s perceived by the user as conforming to
the known harmonic spacing.

11. The method of claim 9, wherein the selected shifted
pitch corresponds to a pitch variation of both the first and
second signals that 1s percerved by the user as conforming to
a known musical tune.

12. The method of claim 9, wherein the selected shifted
pitch corresponds to a pitch vanation of both the first and
second signals that 1s perceived by the user as conforming to
a known sample of human speech.

13. The method of claim 8, wherein shifting the pitch
comprises shifting the frequency of both the first and second
signal.

14. The method of claim 8, wherein the first and second
signals comprise notes 1 a musical tune.

15. The method of claim 8, wherein the first and second
signals comprise frequencies in a sample of human speech.
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